In a model of Parkinson's disease (PD), amphetamine, a dopamine (DA)-releasing drug, fails to induce ipsilateral drug rotations in a proportion of rats with complete unilateral 6-hydroxydopamine (6-OHDA) lesions of the medial forebrain bundle and DA neurons of the substantia nigra. To investigate this phenomenon, individual 6-OHDA lesions (measured by tyrosine hydroxylase immunohistochemistry) in the substantia nigra pars compacta (A9), ventral tegmental area (A10), and striatum were examined in conjunction with outcomes of four behavioral tests. The behavioral tests were skilled paw reaching, a head-turning test, and apomorphine (0.05 mg/kg) and amphetamine (4 mg/kg) drug-induced rotations. Four weeks postlesion, ipsilateral side bias measured by the head-turning test correlated strongly with extent of A9 DA neuronal lesion. Additional A10 neuronal DA lesions did not substantially improve the model fit, indicating that the head-turning bias was primarily A9 dependent. In contrast, total head-turning activity increased monotonically with lesions of A10 striatal DA fibers. Skilled paw-reaching accuracy decreased with increased lesion of both A9 and A10 DA neuronal systems. Associating amphetamine-induced rotations with extent of A9 DA lesion generated a second-order polynomial model, y ‫؍‬ ؊11.1x ؉ 0.20x 2 ؉ 208.7 (R 2 ‫؍‬ 0.73), with an overall F ratio (df ‫؍‬ 2,21) of 28.4 (P < 0.0001). This model predicts that an A9 DA lesion of about 50% is required to induce an ipsilateral turning bias, after which rotations increase with the degree of A9 DA neuronal lesion. No further change in rotational behavior was seen until an additional A10 DA lesion reached 60%, after which the rotational response decreased. This analysis provides tests that differentiate between A9 DA degeneration and combined A9/A10 lesions in animal models and in addition allows predictive testing of PD therapeutic intervention at a preclinical level.
INTRODUCTION
Investigation of therapeutic strategies for Parkinson's disease (PD), specifically the substantia nigra and DA function within the midbrain, was substantially aided by Ungerstedt and colleagues' development of the 6-hydroxydopamine (6-OHDA) rat model (43, 46) . In this procedure, DA neurons are selectively destroyed by infusion of the neurotoxin 6-OHDA into the medial forebrain bundle (mfb). Neuron extinction is achieved by active uptake of 6-OHDA through the DA transporter exclusive to DA neurons (6, 18) . The procedure is designed to target the DA neurons of the substantia nigra pars compacta (SNc, also known as the A9 nucleus) that degenerate in PD. However, DA neurons more medial to the A9, making up the ventral tegmental area (VTA, or A10), are often included in these lesions (9, 44) . The nigrostriatal tract connects the DA cells of the A9 to the dorsolateral striatum (DL striatum), while the mesolimbic part of the tract connects the neurons of the A10 to the ventro medial (VMe) striatum, nucleus accumbens (NAC), olfactory tubercle, and layer VI of the neocortex (52) .
Unilateral mfb lesion causes manifestation of motor asymmetry to low doses of DA agonists (2, 49) , as a result of an upregulation of DA receptors in the lesioned striatum (8, 45) . In untreated PD patients, studies utilizing PET DA ligand or postmortem autoradiographic technology have demonstrated this upregulation to be localized within the DA D 2 receptor population (39) . These studies suggest that D 2 receptor binding constants increase in PD patients by approximately 45%.
Unilateral motor deficits caused by unilateral 6-OHDA A9 lesions are not easily detectable in the rat, unless drugs acting on DA neurons or receptors accen-tuate a side bias that can be measured (48) . The mesolimbic DA system's role in behavioral responses to apomorphine and amphetamine is not yet fully understood (10, 26, 27) . Drug-induced and spontaneous tests of rats with 6-OHDA lesions suggest that lesions of A10 DA cells cause an increase in the response to apomorphine, reduction of amphetamine-induced motor activation, and disruption of feeding and hoarding behavior (14, 22, 25, 28, 29, 41) . Histological analysis of 6-OHDA-lesioned rats has revealed the paradox that not all well-lesioned rats rotate (27, 35, 44) . We believe that, when evaluating the 6-OHDA rat model as a tool for investigation of potential therapies for motor deficits in PD, it is important to determine the contribution of additional A10 DA cell loss to characteristic behavioral responses in the A9 DA lesioned rat. It is also important to examine the effects of these individual cell groups on spontaneous and skilled motor activity. Here we report several experiments correlating the extent of A9 and A10 DA lesion with both apomorphine-and amphetamine-induced rotations with the results of two spontaneous behavioral tests: skilled paw reaching and a modified version of a head-turning test. These experiments involved a large series of rats with varying degrees of A9 plus A10 6-OHDA or sham lesions by saline infusions. By these analyses, we established correlates of behavior with the extent and specificity of lesion, thus permitting extensive analysis of subsequent treatment paradigms. These results also led to the formulation of two testable hypotheses (H) of functional effects of the A9 and A10 cell groups when considering both drug-induced and spontaneous motor behavior: H1, DA neurons of the A9 affect side bias; H2, neurons of the A10 have an amplification effect on the A9 response to lesion and, after a certain threshold is reached, result in a dampening of the side bias response.
METHODOLOGY
We used seven behavioral measurements to assess ipsilateral side bias: apomorphine-induced rotations, amphetamine-induced rotations, head-turning ipsilateral side bias, head-turning total activity, skilled paw reaching (left paw and right paw), and total amount eaten with the left paw during the paw-reaching tests.
We hypothesize (H1) that these seven behavioral variables are associated with the extent (%) of A9 lesion in a manner approximated by a -shaped curve. That is, at low levels of A9 lesion, there is limited or even zero behavioral response, up to a certain threshold level of A9 lesion, beyond which there is a steep gradient in the side-bias measures. We further hypothesize (H2) that A10 lesions enhance the side-bias response up to a certain threshold, beyond which there is a dampening of the side-bias measures.
The interventions used to examine these hypotheses were 6-OHDA lesions of A9 and A9 plus A10 DA neurons, with intensity at several levels over the entire range (0 -100%) of the A9 -A10 DA lesion extent.
Summary of Experiments
With the aim of producing a population of rats with variable DA lesions, 32 female (300 g) Sprague-Dawley rats (Charles River) were lesioned. Two groups of 16 rats, separated by 1 week, received stereotaxic infusion of either saline or one of two different doses of 6-OHDA (46 or 27.5 g). Each rat underwent four behavioral tests: head turning, D-amphetamine-induced rotations, apomorphine-induced rotations, and skilled paw reaching. These tests were carried out in a sequence that prevented drug administration from affecting spontaneous behavioral testing (Fig. 1 ). Rats were kept at room temperature on a 12-h dark/light cycle. Four rats occupied one home cage and had unlimited access to water and food pellets. All necessary steps were taken to ensure the health of the animals, which were maintained to the standard specified by the Institutional Animal Care and Use Committees and Harvard Medical Area Standing Committee on Animals.
6-OHDA Lesions
Rats (n ϭ 16) received mfb and substantia nigra infusions of 0.9% saline ϩ 0.01% ascorbic acid using Kopf instrument stereotactic frames; n ϭ 8 received an effective dose of 46 g 6-OHDA in 0.9% saline ϩ 0.01%
FIG. 1.
Experimental time line depicting the order in which all behavioral tests were carried out. Thirty-two rats with a range of either A9 dopamine (DA) or A9 plus A10 DA lesions completed four behavioral tests over a 20-week period. Lesions were made by infusion of either two doses of 6-OHDA (27.5 or 46 g) or saline (week 5). Rats underwent head-turning tests at 4 weeks postlesion (week 9). Paw-reaching accommodation took place 6 weeks postlesion and testing at 7 weeks postlesion (weeks 11 and 12). Apomorphine rotations (0.05 mg/kg) were induced at 8 weeks postlesion (week 13) and amphetamine rotations (4 mg/kg) were induced at 10 weeks postlesion (week 15). All animals were sacrificed at 12 weeks postlesion. Note that testing was carried out in the order shown to minimize the effects of amphetamine and apomorphine administration on spontaneous behavioral responses. ascorbic acid, while the remaining 8 rats received infusion of 27.5 g 6-OHDA in 0.9% saline ϩ 0.01% ascorbic acid. Infusions were made using a 10-l Hamilton microsyringe, fitted with a 22-gauge beveled (45°) Hamilton needle, into two sites from Bregma: site 1, AP Ϫ4.4, ML Ϫ1.3, DV Ϫ7.8, and incisor bar (IB) Ϫ2.4; site 2, AP Ϫ4.0, ML Ϫ0.9, DV Ϫ8.0, and IB ϩ3.4 (Fig.  2a) . The solutions were kept on ice (4°C) and protected from exposure to light to minimize oxidation. Volumes of 3.0 l were injected into site 1 and 2.5-l volumes were injected into site 2, with an infusion rate of 1 l/min. After the total dose was administered at each site, the needle was allowed to remain in the brain for 3 min.
Behavioral Studies
Rotational behavior. Rotational behavior was assessed using a modified version of the method developed by Ungerstedt (49) . Apomorphine rotations (0.05 mg/kg) were induced at 8 weeks postlesion (40-min test duration); amphetamine-induced rotations (4 mg/kg) were monitored during a 90-min test at 10 weeks postlesion (Fig. 1) . A harness consisting of two elastic bands was placed around the chest of the rat, behind both elbows. The rat was placed in a spherical bowl and the harness was attached by a Velcro fitting, to steel wire approximately 12 inches long, in turn fitted to a rotometer determining the direction in which the rat turns. The net rotational asymmetry score was expressed as full body turns per minute (16) .
Skilled paw reaching. Skilled forelimb paw-reaching ability was assessed at 7 weeks postlesion via a modified version of the "staircase test" developed by Montoya et al. (34) . The paw-reaching apparatus consists of a plexiform glass container with two compartments. The platform, onto which the rat is placed, has This drawing also outlines the anatomical borders of the SNc and VTA nuclei which were used to perform the TH ϩ cell counts in this study. TH ϩ neurons found lateral to the MTN were defined as being in the SNc, while those medial to this tract were defined as VTA neurons. (b) Schematic drawing of a frontal section of the rat's left striatum depicting the subdivision of the striatum used for this study: the dorsolateral (DL) striatum and the ventromedial (VMe)/nucleus accumbens (NAC) striatum. (c) Schematic drawing of the paw-reaching apparatus which consists of a plexiform glass container with a platform. A six-step staircase is located on either side of the platform and each step has a well in which six food pellets are placed. Steps 2-5 are baited and rats, maintained at 80% of their free-feeding weight, reach for food pellets during a 20-min test carried out over 10 consecutive days. Total numbers of pellets eaten and taken are recorded separately. Each rat's accuracy is determined as a function of the number of pellets eaten divided by the number of pellets taken. a 70-mm trough on both sides, in which a seven-step staircase is located (Fig. 2c) . Starting 6 weeks postlesion, rats were maintained at 80% of their free-feeding body weight, as described by Montoya et al. (34) and Garcia et al. (17) . In the first 2 days of testing, the rats were habituated to the test boxes by placing them in the empty container for 20 min per day. During habituation, the rats had free access to water, but no food. Starting at day 3, paw-reaching tests were carried out for 10 consecutive days. The rats were placed in the cage with steps 2-6 of the apparatus baited with 6 ϫ 45-mg food pellets per step, with a total of 30 food pellets per side. Each rat was weighed daily to ensure body weight remained at about 80% of the free-feeding weight. The tests were run over a duration of 20 min. The accuracy measure was calculated as the total number of pellets eaten by the left paw divided by the total number of pellets taken by the left paw. These ratios were averaged for the last 3 days of testing, yielding an average accuracy score for each rat.
Head turning. In this test, modified from Henderson et al. (20) , the rat's head position relative to the body was measured at 4 weeks postlesion (Fig. 1) . In these tests, the animals were brought into a quiet room with dim lighting and allowed to habituate for 2 min. One rat was put into each of five observation cages, placed on the floor for easy viewing of the rats' movements, and given an additional 2 min to habituate to these cages. Then, the number of head turns made every second for 3 ϫ 1-min tests per rat was recorded to the beat of a digital metronome. A deviation greater than 10 0 was considered to be a "head turn." A judgment of the position of the head was made regardless of the rat's activity, including rearing and grooming. Left and right turns were recorded separately, and the total number of turns made in the 3-min sessions was calculated per rat. The net number of seconds (counts were made every second) the head was positioned both ipsilaterally and contralaterally was recorded. From this, ipsilateral side bias and overall head-turning activity indices were calculated.
Tyrosine Hydroxylase Immunohistochemistry
Animals were deeply anesthetized with sodium pentobarbital (300 mg/kg, i.p.) and perfused intracardially with 100 ml heparinized saline followed by 200 ml 4% paraformaldehyde (PFA) in 0.1 M PBS, pH ϳ 7.4. The brains were removed, postfixed in 4% PFA for 6 -8 h, and equilibrated in 20% sucrose in 0.1 M PBS for cryoprotection and six series of coronal sections were cut at 40-m thickness on a freezing microtome. Two series were processed for free-floating TH immunohistochemistry. After 3 ϫ 10-min rinses in 0.1 M phosphate-buffered saline (PBS), endogenous peroxidase activity was quenched by rinsing in 3% H 2 O 2 for 30 min. After a further three rinses in PBS, sections were preincubated with 2% normal bovine serum (NBS) and 0.1% Triton X-100, in PBS for 30 min, then transferred into an incubation medium of primary anti-TH raised in rabbit (dilution 1:200, PelFreeze Biologicals, Inc., MA), 2% NBS, 0.1% Triton X-100 in PBS, incubated overnight at 4°C. Sections were rinsed three times for 10 min each in PBS and incubated for 60 min at room temperature in an incubation medium of biotinylated goat anti-rabbit IgG (dilution 1:200), 2% NBS, 0.1% Triton X-100 in PBS. After three rinses in PBS, the sections were transferred to a Vectastain ABC Elite solution in PBS for 90 min. Following two washes in PBS, and one in TBS, the sections were developed in a solution of 3,3Ј-diaminobenzidine (Sigma, 0.05%, in TBS with 0.01% H 2 O 2 ) serving as chromagen. Serial sections of two series were placed on gelatin-coated slides, left to dry overnight, dehydrated in ascending alcohol concentrations, cleared in xylene, and then coverslipped.
TH Cell Counts
Cell counts were performed blind. An independent investigator (Ms. Therese Anderson) implemented a code which concealed the identity of all slides while cell counts were made. Slide identities were not revealed until correlations were complete. TH ϩ cell counts were obtained for every third section through A9 and A10 and were made for both lesioned and unlesioned A9 and A10 separately. A9 was defined as lateral to the medial terminal nucleus of the accessory optic tract (MTN, level AP Ϫ 5.3 mm in the atlas of Paxinos and Watson) (38); A10 was medial to this nucleus (Fig. 2a) . All cells present were counted under brightfield illumination at 40ϫ magnification. Data were expressed as relative "% lesioned." Abercrombie correction (1) was performed using the average TH ϩ cell diameter. This was attained by measuring the diameters of 20 TH ϩ cells from A9 and A10, obtained from both the left and right sides of five rat brains. The mean diameters of the left and right A9 and A10 cells were calculated, and the mean diameters of all cells were determined. Abercrombie correction (1) was then carried out using the two data sets: first by using the mean cell diameter for the separate cell groups and second by using the overall mean. No significant differences were found in the resulting cell counts. Accordingly, the overall mean TH ϩ cell diameters were used for subsequent correlations and analyses.
Densitometry
Quantifications of the striatal lesion and TH ϩ innervation were obtained using a Zeiss Axioskop microscope with a Real Time Spot camera (Diagnostic Instruments Inc., MI) and NIH Image 1.41 (NIH) as previously described (11) (12) (13) . Optical density measurements of TH ϩ innervation were taken from the areas of the striatum to which A9 and A10 project. These were measured separately for the lesioned and unlesioned sides. A9 was defined as projecting to the DL striatum; A10 was defined as projecting to the VMe/NAC striatum (Fig. 2b) . The areas were outlined in four sections per rat at 200 m apart. Measurements were averaged per rat and expressed as relative % lesioned for each of the three areas measured.
Statistical Analysis
Outcome measures included apomorphine-induced rotations in 40 min, amphetamine-induced rotations in 90 min, and number of head turns made in 3 min and paw reaching. Explanatory factors included extent of A9 DA lesion (in %), extent of A10 DA lesion (in %), DL striatal density [optical densitometry (OD) units], and VMe/NAC striatal density (OD units). Distribution properties of the outcome measures and explanatory factors were examined using univariate kernel density estimate methods and scatterplots for bivariate pairings. The strength and patterns of correlations of outcome measures with explanatory factors were assessed by regression modeling methods. For some outcomeexplanatory factor pairs, linear regression methods were used. For others, in which scatterplots of the outcome measure-explanatory factor association had the appearance of a flat initial section, extending to a certain threshold, followed by a rapidly increasing section or some other nonlinear association, one of three regression modeling methods was employed: piecewise linear regression, polynomial regression, and semilogarithmic (dependent variable logarithmically transformed) regression.
Heuristically selected modeling equations can provide more realistic representations of rotational behavior (for example, of threshold effect). Therefore, in our analyses, a polynomial or semilogarithmic model was chosen in preference to a linear model to provide a closer data fit (except at the extreme values, near 0 or 100% of the lesioning distribution). In particular, we fit polynomial or semilogarithmic models when scatterplots suggested the threshold effect described above, which obviously cannot be modeled adequately with a linear model.
Outlier observations were identified within each outcome measure-explanatory factor pair, defined as individual rats that were consistent nonperformers in four of the behavioral tests. Nonperformers were identified by response measures three or more standard deviations different from predicted values based on the model best describing the data set. Identified outliers were excluded from subsequent modeling analyses.
For each outcome-explanatory factor pair, the bestfitting regression model was selected from among the three candidate modeling methods named above. This selection was done via a two-step method: by inspection of scatterplots to decide between linear and nonlinear modeling and then by likelihood ratio test for nested models or comparison of model 2 statistics for nonnested contrasts. In nonlinear contrasts, when likelihood ratio tests or 2 comparisons indicated nearequivalence of contrasted models, we selected the simpler, more parsimonious model in preference to the more complex model. For each outcome measure-explanatory factor pair, after selection of the best-fitting model, the pairwise correlation was depicted graphically, in a scatterplot with included best-fit curve, and numerically, in a summary table (Table 1) showing pairwise regression modeling results. For the semilogarithmic models, the best-fit curve values were adjusted by the variance from the regression because of the logarithmic change-of-variable. Statistical analyses were carried out using the software program Stata (Stata Corp., College Station, TX).
RESULTS

Characterization of Lesions
Analysis of lesions using OD data confirmed a close approximation to normal distribution of the several outcome and explanatory variables in the study (Fig.  3) . TH ϩ analysis confirmed that a range of lesions between 0 and 100% were obtained. Frontal sections at the level of the SN demonstrating examples of typical lesions found during analysis are shown (Fig. 4) .
Drug-Induced Behavior
Apomorphine-induced rotations. Among several regression-modeling methods tried with these data, including polynomial regressions of the order 1, 2, or 3 and semilogarithmic regressions, the model best describing the effect of A9 DA lesion (x) on apomorphineinduced rotations (y) was found to be a semilogarithmic fit: ln( y) ϭ 0.051x ϩ 0.221 (R 2 ϭ 0.69). This regression was highly statistically significant with an overall F ratio (df ϭ 1,22) of 55.5 (P Ͻ 0.0001) (Fig. 5a) . The model indicates that contralateral side bias is not apparent until lesions become inclusive of more than 70 -80% of SNc DA cells. A clear threshold is seen at this point, after which contralateral rotational behavior intensifies with progressive increase in A9 DA lesion. Similarly, the association between DL striatal TH ϩ fiber loss and apomorphine-induced rotations followed a strong exponential trend, similar to that observed with the A9 DA lesions. This pattern (Fig. 5b ) was statistically significant (R 2 ϭ 0.19), with an overall F statistic (df ϭ 1,22) of 5.08 (P ϭ 0.034). Figure 5b suggests the existence of a threshold lesion of 70 -80%, after which contralateral rotational behavior increases intensely as TH ϩ fibers are lost. The effect of additional A10 DA lesion (x) on apomorphine-induced rotations (y) was best described by a semilogarithmic fit: ln( y) ϭ 4.60x Ϫ 28.7. This model was statistically significant (R 2 ϭ 0.55), with an overall F ratio (df ϭ 1,22) of 33.4 (P Ͻ 0.0001) (Fig. 5c ). These data suggest that contralateral side bias continues to increase with increasing lesion extent until additional lesion of 50 -60% of A10 DA neurons is achieved. Correlation of VMe/NAC striatal density with apomorphine-induced rotations was also statistically significant (R 2 ϭ 0.18), with an F ratio (df ϭ 1,22) of 4.95 (P ϭ 0.037). However, a strong trend in apomorphine-induced rotation-A10 DA lesion data suggests that a threshold loss of TH ϩ fibers in the VMe/NAC striatum of 70 -80% is required before rotational behavior is observed (Fig. 5d) .
Amphetamine-induced rotations. The patterns of amphetamine-induced rotations in their associations with lesion showed the same -shaped curves noted for apomorphine-induced rotations. For A9 DA lesions, a second-order polynomial regression was found to be the best-fitting model correlating extent of lesion with number of amphetamine-induced rotations (Fig. 6a) . This model, y ϭ Ϫ11.1x ϩ 0.20x 2 ϩ 208.7, was strongly statistically significant (R 2 ϭ 0.73), with an overall F ratio (df ϭ 2,21) of 28.4 (P Ͻ 0.0001). The scatterplot (Fig. 6a) suggests that no amphetamine rotations are induced until A9 cell numbers are depleted by about 50%, after which the ipsilateral side bias increases monotonically with extent of lesion. For the association between the extent of DL striatal optical density loss (x) and the number of amphetamineinduced rotations (y), a second-order model also was found to provide best fit. This quadratic model, y ϭ 3.27x ϩ 1.32x 2 ϩ 79.3, was statistically significant (R 2 ϭ 0.25), with an overall F ratio (df ϭ 2,21) of 3.58 (P ϭ 0.04). The scatterplot (Fig. 6b) suggests that ipsilateral side bias does not appear until a 50% loss in TH density is attained, from which point a progressive monotonic increase in ipsilateral side bias occurs.
A cubic model was found to provide best fit in models correlating the extent of additional A10 DA lesion (x) with the number of amphetamine-induced rotations (y). This cubic model, y ϭ 1.32x ϩ 0.77x 2 Ϫ 0.008x 3 Ϫ 2.40, was highly statistically significant (R 2 ϭ 0.67), with an overall F ratio (df ϭ 3,20) of 13.38 (P Ͻ 0.0001). The scatterplot (Fig. 6c) suggests that additional A10 DA lesions greater than approximately 20% were associated with substantially increased numbers of amphetamine-induced rotations. An apparent asymptote was reached at approximately 60% DA cell loss, after which additional A10 DA lesion was clearly associated with a dampening effect on the side bias caused by A9 DA lesion.
Non-drug-Induced Behavior
Head turning. The extent of ipsilateral side bias measured by head turning (y) was positively and linearly correlated with the magnitude of A9 DA lesion (x). The best-fitting regression model y ϭ 0.90x Ϫ 24.5 was strongly statistically significant (R 2 ϭ 0.50). This model had an overall F statistic (df ϭ 1,22) of 21.9 (P Ͻ 0.0001). Figure 7a suggests that ipsilateral side bias, as measured by the head-turning test, increases linearly throughout the entire measured range (0 -100%) of A9 DA lesion. These data are supported by the correlation between optical density of DL striatum and head-turning bias, for which a positive linear correlation was also found. The regression equation was y ϭ 0.75x Ϫ 26.7, with R 2 ϭ 0.25 and with an overall F statistic (df ϭ 1,22) of 7.44 (P Ͻ 0.012). The scatterplot (Fig. 7b) suggests that ipsilateral side bias as measured by head turning increases linearly throughout the measured range of the lesions.
For the association between ipsilateral side bias and 
FIG. 3. Distributions of TH
ϩ fiber density in the DL striatum and VMe striatum/NAC. Optical density (OD) measurements were made using NIH Image 1.61 and statistical analyses were performed using Stata software (Stata Corp.). These data (Fig. 7c) suggest that ipsilateral side bias increases linearly throughout the entire measured range (0 -100%) of additional A10 DA lesion.
Total head-turning activity. When we analyzed the total number of head turns made and correlated these data with both A9 cell loss and DL striatal TH ϩ fiber density, no significant correlations were found. However, TH ϩ fiber density of the VMe/NAC striatum correlated with the total number of head turns made. The best-fitting model was linear: y ϭ 0.45x ϩ 50.5, with R 2 ϭ 0.18 and an overall F statistic (df ϭ 1,22) of 4.93 (P Ͻ 0.037).
Paw reaching. Preliminary analysis of these data showed two rats to be consistent nonperformers during the whole 10 days of testing. Subsequent modeling analysis excluded these two nonperformers. Skilled paw-reaching activity was found to be diminished as a function of lesion extent only in the contralateral paw. For this paw, the typical data pattern was -shaped, with little or no effect on paw-reaching accuracy at low levels of lesion percentage, a flat relationship until a certain threshold value of lesion extent was reached, and then a rapid falloff of paw-reaching accuracy at high levels of lesion extent. Within the A9 DA lesion data, the model best describing the correlation between the accuracy of left paw reaching and the extent of A9 DA lesion was quadratic: y ϭ Ϫ 0.003x 2 Ϫ 0.005x ϩ 61.0. This quadratic regression was statistically significant (R 2 ϭ 0.26), with an overall F statistic (df ϭ 2,19) of 3.31 (P Ͻ 0.05) (Fig. 8a) . For DL striatal density, no correlation with paw reaching was found. In a pattern very similar to that of the A9 lesions, additional A10 DA lesion extent was strongly negatively correlated with accuracy of left paw reaching. The bestfitting model was quadratic: y ϭ Ϫ0.011x 2 ϩ 0.33x ϩ 58.9. This correlation was statistically significant (R 2 ϭ 0.51), with an overall F statistic (df ϭ 2,19) of 10.1 (P Ͻ 0.001). This scatterplot (Fig. 8b) suggests that skilled paw reaching in the contralateral paw is effected only after 30 -40% additional A10 DA lesion.
The best-fitting model associating the total number of pellets eaten with the left paw and the extent of A9 DA lesion was quadratic: y ϭ Ϫ0.02x 2 ϩ 1.77x ϩ 53.5. This correlation was statistically significant (R 2 ϭ 0.29), with an overall F statistic (df ϭ 2,19) of 3.95 (P ϭ 0.037). This equation suggests that A9 DA lesion of 50 -60% is required before loss of skilled motor ability in the contralateral paw is observed, after which skilled motor deficits become more pronounced as lesion approaches 100%. For DL striatal density, no correlation with number of pellets eaten was found. Correlation between the total number of pellets eaten with the left paw and extent of additional A10 DA cell loss yielded a bestfitting quadratic model: y ϭ Ϫ0.02x 2 ϩ 0.43x ϩ 82.8. This model was statistically significant (R 2 ϭ 0.41), with an overall F statistic (df ϭ 2,19) of 6.53 (P ϭ 0.0069). The data pattern suggests that additional A10 DA lesion is associated with loss in skilled paw-reaching ability that intensifies after approximately 20 -30% A10 DA lesion. For DL striatal density, no correlation with number of pellets eaten was found.
DISCUSSION
In this experiment we have demonstrated that A9 (SNc) DA degeneration increased amphetamine rotational motor behavior in a linear manner above approximately 40 -50% DA cell loss, while additional DA cell loss above 60% in the A10/VTA produced a progressive decline (cubic polynomial) in such amphetamine-induced rotation. We have also shown that spontaneous ipsilateral side bias in head turning increased with the degree of SNc and VTA DA neuron loss and DL striatal DA as assessed by DA (TH ϩ ) fiber density loss, while the total head-turning activity increased with DA (TH ϩ ) fiber density loss in striatal regions innervated by the A10/VTA. 
Drug-Induced Behavioral Responses
Apomorphine-induced rotation. An exponential model describing the supersensitivity effect of apomorphine as a full DA agonist on turning behavior suggested that contralateral rotations are not induced until A9 DA lesions of approximately 70 -80% are attained. At this point the number of rotations made during the test increases with A9 DA lesion. This is supported by previous research indicating that apomorphine-induced rotations are not apparent until greater cell loss is achieved (23, 32, 44) .
The model best describing the effect of additional A10 DA lesion was also exponential and indicated that the rate of contralateral rotation increases with the extent of additional A10 DA lesion, after a threshold lesion of 70 -80% is achieved. Based on the strength of the model describing the effect of A9 cell loss on apomorphine rotations and previous studies involving the nigrostriatal DA system (23, 44) , which also show the presence of this threshold, it is likely that the exponential fit is a fair representation of the physiological system. Although neither DL striatal density nor VMe/ NAC striatum TH ϩ fiber density correlated with the number of contralateral rotations observed producing significant correlations, strong exponential trends support the existence of the threshold, suggesting that contralateral rotational behavior is not observed until TH ϩ fiber loss reaches 80 -90% in the striatum. Amphetamine-induced rotation. Animals with greater than 50% lesion to the A9 DA neurons start to turn ipsilaterally in response to monoamine (primarily DA) release by amphetamine. Amphetamine-induced rotations are not further effected until an additional A10 DA neuronal loss reaches greater than 60%, at which point rotational behavior diminishes. Although the role of the mesolimbic DA system has not been studied to the same extent as the nigrostriatal DA system in this particular paradigm, research indicates that the A10 DA nucleus does have an effect on A9 DA-mediated behavior (7, 26, 27, 41, 44, 48) . Classically, Kelly et al. (27) demonstrated that bilateral injection of 6-OHDA into the NAC blocks ipsilateral rotation of unilaterally mfb-lesioned rats, whereas apomorphine-induced rotations were enhanced. It appears that mesolimbic DA excitation, produced by either indirectly or directly acting agonists, has a regulatory effect on the rate of rotation without influencing direction.
Role for the DA A10 nucleus. These data are consistent with the idea that the DL striatum contributes to the left/right side bias, whereas the A10 DA system (NAC, VMe, cortex layer VI) has an amplifier function on motor and motivational aspects of behavior. Lesion of either the nigrostriatal or mesolimbic DA pathway causes marked loss of DA in corresponding striatal areas. In the normal brain there is neither uneven distribution of DA nor unilateral supersensitivity of DA receptors; therefore, apomorphine and amphetamine affect both left and right hemispheres equally causing no rotational behavior. According to these data, A9 DA lesion of 40 -60% does not cause apomorphine-induced rotations, whereas a significant number of amphetamine rotations are observed, which can be explained by the fact that such a degree of DA lesion of A9 is not sufficient to induce DL striatum receptor supersensitivity. Apomorphine has direct receptor agonist activity (3, 31) and as receptor supersensitivity has not developed when only 40 -60% of the A9 system is lesioned (8, 19, 39, 45, 47) , apomorphine takes action on both sides of the brain evenly, resulting in no induced rotations.
According to these data, when A9 DA lesion reaches Ͼ60%, apomorphine-induced rotations are observed, whereas the rate of amphetamine-induced rotation reaches its climax. This is explained by receptor supersensitivity; when A9 DA lesions are Ͼ80%, apomorphine administration causes DA upregulation in the DL striatum causing rotations in a direction contralateral to the lesion (8, 39, 45, 47, 50) . A10 amplifies rotational behavior, resulting in the robust induction of rotation rate seen at approximately 80% A9 DA lesion. As A9 DA lesion exceeds 60%, amphetamine administration causes a progressively larger imbalance in DA distribution across left and right hemispheres. A10 acts to enhance rotational behavior; the maximum rate of rotation is attained at 100% A9 DA lesion. Additional A10 DA lesion of 40 -60% has no further effect on either apomorphine-or amphetamine-induced rotation. Although receptor supersensitivity in the DL striatum has been achieved, none is seen in the VMe/NAC striatum. These data suggest that additional lesion of more than 60 -70% of A10 causes an increase in apomorphine-induced rotations; conversely, amphetamineinduced rotational behavior is diminished. Lesions including more than 60 -70% of A10 cause receptor upregulation in the VMe/NAC striatum of the lesioned side following low doses of DA agonists (25) . Apomorphine administration causes both A9 and A10 DA nuclei to be highly stimulated, leading to greater amplification of the side bias, explaining the peak in contralateral rotational behavior. Reduction or dampening of amphetamine-induced rotational behavior can be accounted for as both A9 and A10 projections are fully degenerated or highly dysfunctional.
Spontaneous Behavioral Tests
Head-turning test. This study also examined the use of a head-turning test, a novel non-drug-induced test utilized as a means for determining both ipsilateral side bias and overall activity levels of 6-OHDAlesioned rats. Ipsilateral head-turning bias as measured by the head-turning test was first described in marmosets during analysis of amphetamine-induced behavioral responses (42) . More recently, ipsilateral orientation asymmetries have been described on the basis of head-turning data in the unilaterally mfblesioned rat (20) . Previously designed to determine the effect of subthalamic nucleus lesion in primate models of PD, the head-turning test aims to determine subtle changes in the rat's sensorimotor behavior, spontaneous side bias, and overall activity levels (4, 5, 20, 21) . In this data set, spontaneous head turning showed that as A9 DA lesion increases so does side bias. This was demonstrated by powerful linear models describing how both A9 DA lesion and A9 plus A10 DA lesion effect side bias as measured by head turning. The gradients of these two models were very similar, indicating that additional A10 DA degeneration had little further effect on head-turning behavior. The extent of DL striatal lesion also yielded a positive linear correlation, supporting the idea that spontaneous ipsilateral side bias is mainly A9 mediated. Correlation of A9 DA neuronal lesion and DL striatal TH ϩ fiber density with total head-turning activity did not yield any significance, whereas significance was reached when percentage lesion of VMe/NAC striatum TH ϩ fiber density was correlated with overall head-turning activity, producing a positive linear correlation. This suggests that additional A10 DA lesion causes increased levels of activity. As correlation between A9 DA lesion and total head-turning behavior did not reach significance, it is likely that this increase in head-turning activity is caused by additional A10 DA lesion in this spontaneous behavioral paradigm. From this experiment, it is not clear if the hyperactivity effect is dependent upon lesion of A9 and A10 or if it is merely an A10 phenomenon. Research into the effects of chemical stimulation of the mesolimbic DA system indicates that hyperactivity is primarily an A10 DA-mediated behavioral response (15, 22, 24, 30, 33, 40) . Bilateral injection of DA, but not of noradrenaline or serotonin, into the NAC of naive rats resulted in stimulation of locomotor activity. In this data set, A10 alone appears to mediate the increase in head-turning activity. This provides further evidence for the idea that A10 plays a role in amplification of A9 DA-mediated behavior.
Paw Reaching
Considering both the average accuracy and the total amount of pellets eaten, quadratic correlations were found to best describe the effect of A9 and A10 DA lesion on skilled motor behavior. Both experiments yielded quadratic models indicating that a threshold lesion of about 40% is required before skilled motor deficits are observed. Unilateral A9 DA lesions greater than about 40% caused skilled motor deficits in the contralateral paw, which intensified as lesion became inclusive of 100% of the SNc DA population. This confirmed previous research suggesting that A9 DA lesion causes a decrease in skilled motor activity (14, 29, 34) . Additional A10 DA lesion further intensified this effect, producing more powerful quadratic models suggesting that lesion of the A10 DA nucleus Ͼ30 -40% causes further skilled motor deficits. This could be explained by the fact that A10 DA neurons have been implicated in behaviors involved in feeding habits, food storage, and motivation (33, 36, 37, 51). Papp et al. (36, 37) described how bilateral lesion of A10 DA nuclei can result in the loss of response to hunger and thirst stimuli. This implies that although A9 DA lesion causes impairments in skilled motor deficits, it is likely that loss of additional A10 neurons causes changes in motivation, explaining the further loss of paw-reaching ability observed when lesions include A10 DA neurons.
CONCLUSIONS
These data are consistent with the idea that the DL striatum contributes to the left/right side bias, whereas the A10 DA system, reaching the regions of the NAC, VMe striatum, and cortex layer VI, has an amplifier function on motor and motivational behavior. Furthermore, the analysis provides a set of statistical and quantitative models of both drug-induced and spontaneous behavioral tests used to identify the extent and specificity of A9/A10 DA lesions.
